The measurement performances of in vivo monitoring vehicles were studied considering an increase in the radiological background in areas where the population is not evacuated after a nuclear accident. The study focused on 137 Cs and 131 I Detection Limits (DLs) and corresponding doses, for adults and one-year-old children. These DLs for ground contamination were obtained experimentally using a grid of point sources. Then, the DLs and doses were calculated using the experimental data and a safety factor for two accident scenarios. For these scenarios the 137 Cs DL corresponds to a committed effective dose of 0.02 mSv. The 131 I DL corresponds to committed equivalent thyroid doses of 3 mSv (adult) and 30 mSv (one-year-old child). To guarantee a 45 mSv thyroid equivalent dose assessment for the child the surface activity of 131 I + 132 I + 133 I should be below 1.6 MBq/m 2 . This study shows that the vehicles can operate in a contaminated area where the population is not evacuated. However, in such a case, the contamination level outside and inside the vehicle should be kept stable to guarantee efficient body counting.
Introduction
In vivo counting aims at assessing the body content of radionuclides by direct external measurements; it can be performed in routine monitoring programmes or in emergency situations. The assessed retained activity enables the calculation of the committed effective dose and hence the potential risk resulting from the incorporation of radionuclides (ICRP, 1997) .
Several mobile laboratories have been developed all over the world (Boddy, 1967; Hille et al., 2000; Bondarkov et al., 2001; Castagnet et al., 2007; Dantas et al., 2010) . The French Institute for Radiological protection and Nuclear Safety (IRSN) has updated the former SCPRI fleet of Mobile Units (MUs) dedicated to emergency situations (Pellerin and Moroni, 1969) . In the case of a nuclear incident it has been recently suggested (ASN, 2012) that the MUs could be located in areas where the population is not evacuated but where there is a significant increase in the radioactivity.
Thus, the measurement performances of the MUs were studied under an increase in the radiological background. For this purpose, the response of in vivo monitoring detectors was studied for experimentally simulated ground surface contamination. From the experimental results the detection limits david.broggio@irsn.fr for 137 Cs and 131 I were deduced for single radionuclide ground surface contamination and two typical accident scenarios. The detection limits were used to estimate the corresponding minimum committed effective dose ( 137 Cs) and thyroid equivalent dose ( 131 I) for an adult and a one-year-old child. Finally, a constraint was given in terms of iodine isotope surface concentration to guarantee the assessment of a thyroid dose of 45 mSv to the one-year-old child.
Material and methods

Mobile units and detectors
The fleet of IRSN MUs has been presented elsewhere (Franck et al., 2012) ; only details relevant to this study are recalled here. The fleet consists of four "light" vehicles and four bigger air transportable vehicles. In both vehicle types, each exam chair allows simultaneous detection of the thyroid and whole-body content of radionuclides with lead-shielded NaI(Tl) scintillators. The thyroid detector is calibrated with a thyroid phantom (ICRU, 1992) and the whole-body detector with an anthropomorphic phantom (Kovtun et al., 2000) . During in vivo monitoring spectra are displayed and the Region of Interest (RI) can be selected to record the number of counts in the photoelectric peak of the monitored radionuclides. Dedicated software has been developed to record the number of counts in RIs, generate reports, and assist trained but nonexpert users. The two detectors of one exam chair of a "light" vehicle were used; the results obtained could be extended to the other vehicles, at least to fix orders of magnitude. The DL is studied for 137 Cs (whole-body detector) and for 131 I (thyroid detector).
Detection limits considering ground surface contamination by a single radionuclide
Theory and general experimental idea
The DL depends on the background counts per unit energy in the region of interest (B in counts/keV), the detector energy resolution (R in keV), the counting time (t in seconds) and the detection efficiency (ε in counts/s/Bq) (GTN5, 1989):
In a contaminated area only B changes; for a fixed counting time the increase in DL is thus:
DL 0/c stands, respectively, for the DL in normal operation conditions and in the contaminated area (idem for B 0/c ), and A s for the ground surface activity of contaminants (MBq/m 2 ). B 0 and DL 0 are known from the commissioning of the MUs. The background counts are naturally proportional to the surface activity and part of this work consists of finding the k coefficient experimentally. If the background contamination is greater than in normal operation conditions (B c B 0 ) then LD c LD 0 ; equation (2) is thus valid for A s >1/k, otherwise we will have LD c < LD 0 .
With a large radioactive surface the k coefficient could be obtained directly by measuring the number of counts in a RI. Since this experimental could not be achieved it was simulated using point sources located around and under the MU, using a drawn grid of 1 m × 1 m squares as shown in Figure 1. 
Validation of the surface contamination approximation
A priori it is not guaranteed that a single point source in the centre of a 1 m × 1 m square will induce the same counts as the equivalent surface activity. To test this hypothesis the grid was subdivided into 25 cm × 25 cm squares at locations giving the highest count rates and new source configurations were defined on the sub-grids. For these experiments 137 Cs was used. For the sub-grid configurations, the average (over new source positions) of counts was compared with the counts obtained with a single source. Thirteen configurations were tested.
Final protocol
After studying the validity of the surface contamination approximation, high activity point sources were used in three separate experiments:
60 Co (1.37 MBq), 137 Cs (6.62 MBq) and 133 Ba (6 MBq). All experiments and calculations are hereafter carried out for a counting time of 10 min, following the protocol for emergency measurements. The RIs for 137 Cs and 131 I are 172 keV and 55 keV wide, respectively, and since we work with fixed RIs we use total counts in the RIs rather than counts/keV.
Excess counts (i.e. after subtraction of natural background counts) in 137 Cs and 131 I RIs were recorded for each position; the source was placed in a position and then moved to the next. The cumulated number of excess counts was considered, i.e. the sum of counts for all positions. The experiment was stopped when enough positions had been used so that the cumulated number of counts stopped increasing. Indeed, the farther the source from the MU, the less significant its contribution; similarly, in the case of ground contamination, the farthest portions of the surface will contribute less than the closest. Finally, when convergence of the number of counts (B c ) was obtained, the k coefficient was calculated as follows:
where the surface activity is simply the source activity used for the experiment divided by 1 m 2 . One thus obtains, according to equation (2) 133 Ba is used as a 131 I surrogate). Similarly, in the case of complex ground contamination, the monitored radionuclides will directly interfere by a photoelectric effect, while others will indirectly interfere after scattering.
Detection limits considering ground surface contamination by several radionuclides
A complex mixture of radionuclides, as expected after a nuclear accident, cannot be experimentally simulated, but the counts it induces in RIs can be approximated using the experimental data. For this purpose 60 Co, 137 Cs and 133 Ba are considered as surrogates of other radionuclides. More precisely, for a radionuclide i X emitting gamma rays of energy E i j , the rays are considered to induce background counts proportional to the surrogate radionuclide whose main gamma line is the closest to E i j . The surrogate gamma lines have the following energy: 356 keV (E 1 ), 662 keV (E 2 ) and 1 173 keV (E 3 ). The proportionality coefficient takes into account the emission intensities of surrogate and contaminant gamma lines.
From the experimental data, the counts in the 131 
In equation (4) 
In equation (5) 
where the numerator is the sum of the emission intensities of 131 I gamma rays with energy greater than 365 keV and the denominator the sum of the emission intensities of 133 Ba gamma rays with energy greater than 356 keV. This last is noted y > ( 133 Ba) in the third term of equation (5). Once the counts in the RIs of interest are calculated, equation (2) is applied to obtain the DLs.
Accident scenarios and radionuclide spectra
Two typical accident scenarios leading to radioactive release were considered: a Steam Generator Tube Rupture (SGTR) and a Loss of Primary Coolant with core meltdown without vessel rupture (LPC). The total released activity was 2.1 × 10 16 Bq (LPC) and 3.1 × 10 13 Bq (SGTR). The durations of the release were 1 h (SGTR) and 24 h (LPC).
For each scenario the ground contamination and dose maps were calculated by the Technical Crisis Centre of the IRSN. A location 5 km from the release point, where the predicted doses were low enough to avoid evacuation of the population but high enough to require restriction of drinking and eating (ASN, 2012) was selected; such areas are called Population Protection Areas (PPAs). Inside the PPA the location 5 km from the release point corresponded to the highest ground contamination. At this location the surface activities were obtained at 24 h, 48 h, 72 h and 7 days. The distribution of surface activities at 24 h is shown in Figure 2. 
Dose calculation
The radionuclide composition of both scenarios was taken into account at the different times and DLs for 137 Cs and 131 I calculated as described in previous sections. DLs correspond to the minimal detectable retained activity and hence to a minimum assessable dose. The dose calculation was performed according to the biokinetic models of the ICRP (1990 ICRP ( , 1993 ICRP ( , 1994 using the DCAL software (Eckerman et al., 2001) . Briefly, the DL is used to calculate the corresponding intake. From the intake the committed effective dose due to 137 Cs and the thyroid equivalent dose due to 131 I are obtained. Measurements are considered at 24 h, 48 h, 72 h and 7 days following the release. Calculations were performed for an adult and a one-year-old child, considering an acute inhalation intake. Figure 3 shows the relative difference in counts when one or several sources are used to simulate ground surface contamination; a negative difference means that the single source induces less counts than several sources. For both detectors, in most cases, the single source configuration gives an overestimate of counts, as compared with several sources on the subdivided grid. However, in some cases the single source configuration gives an underestimate.
Results and discussion
Validation of the surface contamination approximation and safety factor
As a consequence, a multiplicative safety factor of 1.3 (roughly corresponding to the worst case) is hereafter applied to the experimental cumulative counts in the RIs. As a consequence, the safety factor for all DLs is 1.14. The dominance of positive differences shown in Figure 3 tends to prove that the single source approximation gives a conservative estimate of DLs; consequently, application of the safety factor is particularly careful.
Detection limit for ground surface contamination by a single radionuclide
The evolution, with the number of grid points, of cumulative counts in 137 Cs and 131 I RIs is shown in Figure 4 . The counts are normalised with the ground surface activity so that the "saturation value" of the curves is the number of counts due to 1 MBq/m 2 , as defined in equations (4) and (5). Figure 4 shows the experimental raw data; the safety factor is not taken into account.
As expected, the counts are dominated by locations near the detectors so that a constant value is reached for about 25 grid locations. Nevertheless, the higher the source energy the more points are needed (the curves for 60 Co stabilise slowly). For the same surface activity, 60 Co induces more events in the 137 Cs and 131 I RI than 137 Cs or 133 Ba. Even if unexpected, it might be explained by the strong emission intensity and high energy of 60 Co gamma rays. For the thyroid detector, however, the events induced by 137 Cs are less significant than those induced by 133 Ba. The whole-body detector, due to its large size, sees more events than the thyroid detector.
From the saturation values and the DLs in normal conditions of use, the DLs as a function of the ground surface (6)).
Detection limits and corresponding dose for accident scenarios
Using the surface activity of the scenarios the background in RIs was calculated with equations (4) and (5) and then 137 Cs and 131 I DLs obtained with equation (2). For the one-year-old child the thyroid counting efficiency was approximated with the adult one. Due to the small size of the child's thyroid the counting efficiency is higher than in the adult case, and the adult DL is thus an overestimate. The corresponding calculated dose (using biokinetic models for the child) is thus a conservative estimate. The same applies for the whole-body efficiency.
The DLs and corresponding doses are reported in Table 2 for the two scenarios and four measurement dates. The first two days the DLs are greater for the LPC scenario than for the SGTR scenario, but it is the contrary at 72 h and 7 days, which is due to the predominance of short-life radionuclides in the SGTR scenario. The DLs for 131 I are between 0.7 and 1.6 kBq and between 0.4 and 1.9 kBq for 137 Cs. For both scenarios and all measurement dates the committed effective dose due to 137 Cs ranged between 0.01 and 0.02 mSv in the adult's and child's cases. These values are much smaller than the 1 mSv annual dose limit for the public; roughly speaking, if the surface activity was multiplied by a factor of 1000 the 137 Cs DL would still correspond to doses below 1 mSv.
For both scenarios, the committed equivalent dose to the thyroid is between 1.5 and 3 mSv in the adult's case, but between 13.8 and 30.1 mSv for the child. The difference between the adult and the child is due to the fact that for a given activity the concentration is higher for the child than for the adult. In the thyroid case, for both scenarios, a measurement at 7 days corresponds to a minimum dose slightly higher than at 72 h even if the detection limit is slightly better. This is due to iodine elimination that means that similar measured contents correspond to higher intakes when time passes.
For the two studied scenarios the 1 mSv effective dose and 50 mSv equivalent dose to the thyroid can be assessed with the MUs, even for the one-year-old child, assuming a measurement performed 7 days after the release.
Constraint for thyroid dose assessment
The two studied scenarios are just examples and one can speculate how the DLs and corresponding doses are modified for higher activities. From the previous results it is clear that the most problematic case is the thyroid dose for the one-yearold child. For the studied scenarios about 80% of the background counts in the 131 I RI come from the iodine isotopes. The above-mentioned calculations for a measurement at 24 h were thus restarted with a variable increasing total activity. For both scenarios the thyroid equivalent dose for the child was then plotted as a function of the ground surface activity in 131 I + 132 I + 133 I and the minimum surface activity of iodine isotopes corresponding to 45 mSv was deduced. The 45 mSv value is a careful choice since the dose constraint is in fact 50 mSv.
It was found that the surface activity of 131 I + 132 I + 133 I should be below 1.6 Mbq/m 2 ; if not, it is not possible to assess an equivalent dose as low as 45 mSv for the one-year-old child.
Discussion
For the studied scenarios it was shown that the MUs could be used in the Population Protection Area; a constraint was given for iodine isotope surface activity so that one can decide if it is useful or not to use the MUs. This constraint is of practical interest since surface contamination can be measured experimentally. The studied scenarios do not cover all possible cases but a calculation spreadsheet was developed to take into account other scenarios. In the case of accidental release, calculation tools or direct measurement could thus provide the data needed to predict if a location is suitable for the MUs.
In the studied scenarios the maximum 131 I and 137 Cs surface activities were, respectively, 0.2 and 0.05 MBq/m 2 . For the early days of the Chernobyl accident, 131 I surface activity was reported to be between 4 and 29 MBq/m 2 in Ukraine (Talerko, 2005) and between 0.9 and 67 MBq/m 2 in Belarus (Straume et al., 2006) . For the Fukushima accident the maximum 131 I daily surface activity reported in (Terada et al., 2012 (Ramzaev et al., 2006) . For the Fukushima accident the highest daily deposition for 137 Cs was around 0.01 MBq/m 2 (Terada et al., 2012) . The surface activities considered in this study are thus consistent with the reported literature values, except for 131 I in the early days of the Chernobyl accident.
Several improvements of this work are possible. First, thyroid and whole-body child phantoms could be used to deduce more reliable estimates of DLs. Second, the air contamination could be taken into account. For this purpose, acquiring experimental data following the method employed here would be very difficult and tedious. Calculating the detector response with Monte Carlo methods was found to be reliable for welldefined experimental situations (Lamart et al., 2009; Lopez et al., 2011; Broggio et al., 2012) . However, in the present case a very detailed model of the MUs would be necessary because of the significance of scattered radiation. Third, more accurate dose estimates could be obtained. Indeed, even if only 131 I or 137 Cs are detected it could be reasonably assumed that other radionuclides have been inhaled too. In this case, an acute description of the air concentration of radionuclides at the time of intake would be necessary.
Finally, it was shown that the MUs can be positioned where the radiological background is considerably increased. In such a case special attention should be paid to the positioning of the MUs. First, parking them inside a covered site would limit the background changes induced by meteorological conditions and the period between background measurements could be reduced. Thus, the measurement rate of the public would be close to the optimal one. Second, the measured population should wear exam clothes and be controlled for external contamination before in vivo monitoring. If contamination is deposited inside the vehicle, one risks declaring false internal contamination.
Conclusion
The 131 I and 137 Cs DLs and corresponding doses were assessed for the IRSN in vivo monitoring vehicles under an increase in the radiological background. For this purpose, ground surface contamination was experimentally simulated with a grid of point sources. Then, two accident scenarios were considered and the DLs and corresponding doses approximated using the available experimental data.
It was found that a committed effective dose due to 137 Cs as low as 0.02 mSv can be assessed for an adult and a oneyear-old child. The committed equivalent dose to the thyroid of 3 mSv (adult case) and 30 mSv (one-year-old child) can be assessed for the two studied scenarios. To guarantee a 45 mSv assessment for the child's thyroid the ground surface activity of 131 I + 132 I + 133 I should be below 1.6 MBq/m 2 . These results were obtained taking into account a safety factor of 1.3 on measured background counts.
The possible limitations and improvement of this work have been discussed. Particularly, it is noted that positioning the vehicle in contaminated areas requires special care of the operation conditions.
